Objective: Physiological reaction to competitive flow is considered as the primary mechanism of arterial graft occlusion. Reopening of graft lumen had been also reported, but details remain unknown. We sought to delineate the effect of management of the moderately stenotic targets on the occurrence of competitive flow and clinical results. Methods: Clinical records and angiograms of 3263 bypass grafts in 852 patients, who underwent off-pump coronary revascularization using the internal thoracic artery (ITA) and radial artery without aortic manipulation since 2000, were examined. Dominant flow direction was graded as antegrade, competitive, and no flow (occlusion). Late angiography was performed in 157 patients with 561 bypass grafts for clinical reasons. The follow-up period was 55.5 AE 31.1 months. Results: The early graft patency rate was 98.0% (3197/3263). The rate of antegrade flow was 91.5% (2986/3263), while competitive flow was detected in 6.5% (211/3263). The actuarial patency rates of bypass grafts with antegrade flow were significantly higher than those with competitive flow (87.9% at 5 years and 71.3% at 8 years, vs 25.8% at 5 years and 9.2% at 8 years, p < 0.0001). In the univariate and multivariate analyses for 852 patients, territory of right coronary artery (odds ratio (OR) = 2.20, p = 0.0002), composite radial artery (OR = 1.90, p = 0.03), and the distal end of the graft (OR = 2.90, p = 0.0003), were identified as the significant predictors of competitive flow from the target with 51-75% stenosis. Individual grafting inversely correlated with occurrence of competitive flow (OR = 0.48, p = 0.04). Reopening of the graft lumen associated with progression of native stenosis was not observed in these patients. Conclusions: Competitive flow can be efficiently avoided by appropriate graft arrangement and patients' selection. Selection of the target of the graft end would be crucial to achieve antegrade bypass flow and long-term patency of entire sequential bypass grafts. For the composite graft, functional recovery of the occluded graft would be extremely rare. #
Introduction
When the bypass flow is not sufficient, the most important advantage of the arterial graft disappears [1, 2] . It has been believed that competitive flow is relatively frequent in the sequential and composite bypass grafts, as compared with individual grafting. This would be the primary reason for reluctance to use this technique, irrespective of its benefits, such as avoidance of aortic manipulation and efficient use of graft materials [3, 4] . In addition, it is also still controversial whether and how often the narrowed or occluded graft restores its luminal patency and function, when the native coronary stenosis develops.
Angiographic flow grading has been introduced since 2000. This grading system significantly correlated with mid-term angiographic patency, and would be useful in the evaluation of various graft configurations and combinations of the target branches [5] .
In the present study, we sought to examine the effect of bypass flow and graft configurations on the early and late angiographic outcomes, and to establish optimal management of the target coronary branch with moderate stenotic lesion.
Materials and methods
Between April 2000 and April 2010, 852 patients underwent off-pump coronary artery bypass grafting (CABG) using internal thoracic artery (ITA) and radial artery, and following early postoperative angiography. This retrospective observational study was approved by our institutional review board. Our standard strategy for CABG has been total arterial off-pump revascularization without aortic manip-ulation. The preoperative characteristics of these patients were described in Table 1 . There were 704 men and 148 women with a mean age of 66 AE 9 years. Distal anastomotic sites were 3.83 AE 1.05 per patient. In all patients, the blood source of the bypass grafts was exclusively the in situ ITA. The patients who had a bypass of the gastroepiploic artery or saphenous vein, or the individual bypass graft only, and those who did not undergo postoperative coronary angiography were excluded.
In our current standard strategy, the left anterior descending artery (LAD) was grafted by the end of the in situ ITA, and the left circumflex (LCX) and right coronary arteries (RCA) were grafted with the radial artery in a sequential fashion. The proximal site of the radial artery was exclusively anastomosed with the in situ ITA. Bilateral ITAs were harvested for patients without preoperative comorbidity. The graft configuration was decided by the graft length and positional relationship of the target sites in the early period. The I-graft to RCA and LCX, which was a linear extension of the right in situ ITA by the radial artery, was placed on the right side of the heart for future redo surgery. In the late period, we predicted flow direction and distribution, and adjusted the configuration to each patient. For patients with severely stenotic target in the RCA, the Igraft was used in the clockwise orientation.
In pre-and postoperative angiography, severity of stenosis was categorized into 51-75%, 76-90%, and 91-100% of minimal luminal diameter. The severity of native coronary stenosis and bypass grafts were independently evaluated by cardiologists. In the early postoperative angiography, which was performed about 2 weeks during hospitalization, and had been routinely performed for patients aged less than 80 years without considerable risk until 2007, bypass grafts were assessed by their anatomical patency and flow direction as antegrade, competitive or no flow. Since 2008, contrastenhanced computed tomography was used for early and late evaluation. When graft occlusion or progression of native coronary lesion was suspected, the invasive angiography was performed. Late angiography was performed in 157 (18.4%) patients with 561 bypass grafts for clinical reasons. The mean follow-up period was 55.5 AE 31.1 months.
The definitions were as following. 'Graft end' meant the distal end of the conduit with mostly end-to-side anastomosis. For example, the Y-graft had two graft ends, while the I-graft and the individual in situ ITA had one graft end.
'Sequential proximal' meant sequential anastomosis in a side-to-side fashion, besides anastomosis at the graft end. We judged as 'patent', when there was complete continuity of the graft lumen from the subclavian artery to the target coronary branch, irrespective of the flow direction. Whenever the bypass flow from an in situ ITA graft to the target coronary branch was interrupted at any level, it was defined as no flow (occlusion). Competitive flow was defined as a situation in which the target branch was slightly opacified or was not opacified from the ITA injection, and the bypass graft was opacified by retrograde flow from the native coronary injection. Reverse flow in our previous study [5] was included in competitive flow in this study.
We especially focused on the management of the target branches with moderate stenosis. The significance of correlations between competitive flow and features of the bypass grafts and target branches with 51-75% stenosis was examined.
Statistical analysis
The continuous variables are expressed as the mean values AE standard deviation (SD). The data of two independent groups were compared using Fisher's exact probability test. Longitudinal data were estimated by the Kaplan-Meier method and the difference of two groups was compared with the log-rank method. Logistic regression analysis was used to examine the significance of the variables. The differences were considered statistically significant when the p value was less than 0.05.
Results
The early graft patency rate was 98.0% (3197/3263). Competitive flow was found in 211 (6.5%) bypass grafts. Of [ ( ) T D $ F I G ] Table 2) . Fifty-two bypass grafts with competitive flow in the early angiography were reevaluated by the repeated angiography. Of these, 39/52 (75.0%) were occluded ( Table 3) . The cumulative patency rates of the bypass grafts with competitive flow were significantly lower than those with antegrade flow (25.8% at 5 years and 9.2% at 8 years, vs 87.9% at 5 years and 71.3% at 8 years, p < 0.0001) (Fig. 1) . The cumulative patency rates of the bypass grafts with 51-75% stenosis were significantly lower than those with 76-100% stenosis (64.4% at 5 years and 36.6% at 8 years, vs 87.6% at 5 years and 78.8% at 8 years, p < 0.0001).
Analyses of 852 patients, regarding management of bypass grafts to target vessels with 51-75% stenosis
For the target vessels with 51-75% stenosis, the early graft patency rate was 97.7% (1379/1412), while the rate of competitive flow was 12.7% (180/1412) ( Table 2) . The cumulative patency rates of bypass grafts with antegrade flow were significantly higher than those with competitive flow (81.4% at 5 years and 41.2% at 8 years, vs 21.5% at 5 years and 9.6% at 8 years, p < 0.0001) (Fig. 2) . In the univariate and multivariate analyses for 852 patients, territory of RCA (odds ratio (OR) = 2.20, p = 0.0002), composite radial artery (OR = 1.90, p = 0.03), and the distal end of the graft (OR = 2.90, p = 0.0003), were identified as the significant predictors of competitive flow from the target with 51-75% stenosis. Individual grafting was inversely correlated (OR = 0.48, p = 0.04) ( Table 4 ).
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Relation between severity of native coronary stenosis and anastomosis at graft end or sequential proximal
As shown in Fig. 3 , the incidence of competitive flow at the graft end was significantly higher than that of competitive flow at sequential proximal (20% vs 3.3%, p < 0.0001). For the targets with 91-100% stenosis, there was no significant difference in the rates of competitive flow and occlusion between the graft end and the sequential proximal (Fig. 3) .
For the targets with 51-75% stenosis, the cumulative patency rates of the graft end were significantly lower than those of sequential proximal (59.0% vs 74.8% at 5 years, p = 0.001). There was no significant difference in the patency rates between the graft end and the sequential proximal for the bypass grafts to 76-90% ( p = 0.19) and 91-100% ( p = 0.95) (Fig. 4) . Fig. 3 . The effects of native coronary stenosis and anastomosis at the graft end/sequential proximal end on the occurrence of competitive flow and occlusion. The incidence of competitive flow in the bypass grafts to the target with 51-75% stenosis anastomosed at the graft end was extremely high. [ ( ) T D $ F I G ] Fig. 4 . The cumulative patency rates, stratified by native coronary stenosis and anastomosis at the graft end/sequential proximal. 1; Targets with 51-75% stenosis anastomosed at the graft end. 2; Targets with 51-75% stenosis anastomosed at sequential proximal. 3; Targets with 76-90% stenosis anastomosed at the graft end. 4; Targets with 76-90% stenosis anastomosed at sequential proximal. 5; Targets with 91-100% stenosis anastomosed at the graft end. 6; Targets with 91-100% stenosis anastomosed at sequential proximal. Only the difference between 1 and 2 was statistically significant.
H. Nakajima et al. / European Journal of Cardio-thoracic Surgery 40 (2011) 399-404
[ ( ) T D $ F I G ]
Discussion
Recent studies suggested limitations of angiographic estimation of moderately stenotic lesions. Hamolis and colleagues mentioned that angiographic assessment was not sufficient for decision making about the need for surgical revascularization [6] . Tonino and colleagues reported that functional assessment of coronary artery lesions did not coincide with angiographic visual assessment. Approximately two-thirds of 50-70% stenotic lesions and one-fifth of 71-90% stenotic lesions were functionally insignificant [7] . Pijls and colleagues reported that fractional flow reserve significantly correlated with exercise test, thallium scan, stress echocardiography and clinical results, and was useful in the detection of functional significance of moderate stenosis, rather than the angiography [8] . Fractional flow reserve may be practical for prediction of failure of arterial grafts. The 1-year patency rate of the bypass grafts for functionally significant lesions was significantly higher than that of the bypass grafts for functionally insignificant lesions [9] . Moreover, the minimal luminal diameter [10] and combinations of the targets in sequential anastomoses [11] or combinations of the bypass grafts in the left coronary artery [12] may be possible predictors of insufficient flow and/or early graft failure.
When intracoronary pressure is comparable with graft pressure, competitive flow occurs. As even aortocoronary radial artery will present string sign, when the native coronary stenosis is not sufficiently severe [13] , more severe stenosis is required for the composite radial artery [14] . As pressure at the proximal portion of the graft is presumably higher than pressure at the graft end, a more severely stenotic target is suitable for the graft end, than for the proximal site of the conduit. Glineur and colleagues reported that the in situ ITA had some resistance in itself, even when it was not stenotic at all. The pressure gradient between the proximal and distal portion of the in situ ITA increased along with increase of bypass flow, induced by reduction of vascular resistance in the myocardial tissue [15] . In the Y-graft, fractional flow reserve at the distal anastomotic site of ITA to LAD was about 0.9 with decrease of pressure by 9 mmHg, as compared with the origin of ITA [15] . Therefore, avoidance of anastomosis of the target with moderate stenosis is considered reasonable.
Our present study demonstrated that bypass grafting at the graft end significantly correlated with competitive flow, and individual grafting inversely correlated. In addition, as shown in Fig. 3 , inferior results of the graft end were obvious exclusively in the bypass grafts to the moderately stenotic target, whereas no significant disadvantage of grafting at the graft end was found for the target with severe stenosis. We presume that avoidance of anastomosis of the graft end to the moderately stenotic branch will dramatically decrease competitive flow and improve graft patency. In other words, when the graft end is anastomosed to the target with severe stenosis, entire patency of the sequential graft can be highly expected. In addition, as shown in Fig. 3 , occurrence of graft occlusion presented a tendency similar to occurrence of competitive flow. Not only technical failure and thrombus formation, but also insufficient bypass flow may be mechanism of relatively early failure of the arterial graft.
Limitations of this study are as following. The present study was not prospective and not randomized. This retrospective study proved necessity of avoidance of insufficient flow. When competitive flow is predicted, using the aortocoronary venous graft can be reasonable [16] . Factors, which are possibly associated with the amount of bypass flow, may be perfusion capacity of bypass grafts, selection of graft materials, design of configurations, the strength of native coronary flow and peripheral vascular resistance in the myocardial tissue. Previous studies described that not only growth of the arterial graft, but also adaptability of peripheral vasculature played an important role in increase of bypass flow after operation [17, 18] . In the present study, we examined graft configurations and the native coronary stenosis. However, peripheral vascular resistance could not be taken into account at all. This would be the next concern in the future.
There were several reports of recovery of graft lumen after string sign or diffuse narrowing. In the present series, none of the bypass grafts, which had presented competitive flow in the early angiography and occluded in the follow-up angiography, restored luminal patency afterward. However, during the same period, recovery of the ITA graft was seen in one patient. To our experience, functional recovery may be specific to the ITA graft.
In conclusion, our 10-year observation of angiographic bypass flow confirmed that the arterial graft with competitive flow would close its own lumen and become nonfunctioning in a few years. For the composite graft, reopening the lumen can be hardly expected, indeed. The graft configuration should be adjusted to the features of each coronary system so as to minimize competitive flow. For patients, who do not have the target vessel with moderate stenosis, or whose target vessel with moderate stenosis can be appropriately managed, composite and sequential grafting is sufficiently reliable.
